Detection of spin polarization utilizing singlet and triplet states in a single-lead quantum dot 
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We propose and demonstrate a new method to probe local spin polarization in semiconductor micro devices 
at low and zero magnetic fields. By connecting a single-lead quantum dot to a semiconductor micro device and 
monitoring electron tunneling into singlet and triplet states in the dot, we can detect the local spin polarization 
formed in the target device. We confirm the validity of this detection scheme utilizing spin-split quantum Hall 
edge states. We also observe nonzero local spin polarization at the device edge in low magnetic fields, which is 
not detectable with conventional macroscopic probes. 

PACS numbers: 73.63.Kv, 73.43.-f, 72.25.Dc, 85.35.-p 



-a 
c 
o 

(N 
> 

in 
i> 
oo 
in 

o 

(N 



X 



Spintronics, which utilizes the freedom of not only elec- 
tron charge but also spin, has attracted strong interest in re- 
cent years^* 2 - In spintronics, generation and manipulation of 
spin polarization in nonmagnetic semiconductor microdevices 
are important challenges. There are many theoretical pro- 
posals for generation 3-7 and manipulation 8 of spin polariza- 
tion utilizing spin-orbit interaction in semiconductor microde- 
vices£~— In recent years, related experiments for generation 13 
and manipulation 14 have been reported. To understand the 
details of the mechanisms and operations, it is important to 
measure the local spin polarization formed in the real micro 
devices directly. We need a local spin probe, which can access 
the local spin state of conducting electrons in semiconductor 
devices. 

We have demonstrated a kind of local spin probe utilizing a 
single-lead quantum dot (SLQD)4^i& We could detect the lo- 
cal spin polarization formed in a semiconductor quantum wire 
in high magnetic fields with minimal disturbance by monitor- 
ing tunneling of electrons into the spin-dependent Zeeman- 
split levels. The usage of this method was limited, however, 
only to magnetic fields higher than 10 T because of the need 
for large Zeeman splitting. We could not apply it directly to 
interesting spin phenomena such as generation of spin polar- 
ization utilizing spin-orbit interaction and spin polarization in 
the 0.7 anomaly of a quantum point contact (QPC), 17,18 which 
occurs in lower or zero magnetic fields. To overcome this 
problem, we here propose and demonstrate a scheme utilizing 
singlet and triplet states in an SLQD, which can be used in 
lower magnetic fields. 

To probe spin polarization of conduction electrons in a 
semiconductor microdevice, we couple an SLQD to the target 
device [Fig.QJa)] and measure tunneling of electrons into two- 
electron states in the SLQD. The two-electron state is either a 
spin singlet or triplet state. The singlet state is the ground state 
and the triplet state is the excited state in low magnetic fields. 
Tunneling into these states reflects electron spin polarization 
in the target. If the electrons in the target are spin unpolarized, 
we can observe tunneling into both singlet and triplet states in 
the SLQD [Fig. [Tib)]. On the other hand if the electrons are 
polarized, the tunneling into the singlet state is suppressed be- 



cause this process needs an electron with opposite spin, which 
is not present in the target [Fig. Q2 C )]- Thus we can get the in- 
formation of the spin polarization from the measurement of 
tunneling rates into the singlet and triplet states. 

This method has two important properties: good locality 
and small disturbance. In the tunneling events, only the elec- 
trons which are close to the tunnel barrier can contribute to 
the process. This gives good locality to the probe on the or- 
der of a few tens of nm. By adopting the SLQD structure, we 
can reduce the leakage path of electrons through the probe to 
outer environments compared with the conventional quantum 
dot with two leads. This results in extremely small distur- 
bance in the measurement. These properties are essential in 
the measurement of the fragile local spin polarization formed 
in semiconductor micro devices. Also the SLQD structure is 
simpler than the conventional structure with two leads. This 
simplicity contributes to the realization of smaller probes with 
higher yields. 
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FIG. 1: (Color online) (a) Schematic of the detector. A quantum 
dot is coupled to the target through a single tunneling barrier. (b),(c) 
Energy diagrams of the unpolarized case (b) and polarized case (c). 
In the unpolarized case, electrons tunnel into singlet and triplet states 
in the quantum dot. In the polarized case, tunneling into singlet state 
is suppressed, (d) Schematic of the device structure. At the edge of 
a Hall bar, a single-lead quantum dot is fabricated. 
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FIG. 2: d/sync/dVc as a function of Up and Vc at T (a) and 1.5 T 
(b). Lower left (upper right) region corresponds to N = 1 (iV = 2) 
and the dip structure in / sync reflects the electron tunneling into two- 
electron states. Up (down) arrows indicate the transition lines of the 
singlet (triplet) state. 



In this Rapid Communication, first we confirm the opera- 
tion of this detection scheme using spin-split edge states in 
the quantum Hall regimes. The edge states are known to 
show well-defined spin polarization in relatively small mag- 
netic fields and therefore can be used to check the operation 
of our detection scheme. Due to the locality of our probe, we 
will detect the spin polarization of the outermost edge chan- 
nel. Second, with our new detection method, we investigate 
the detail of the local spin polarization of the outer edge states 
before the formation of well-defined spin-split channels, of 
which sign has been observed in the measurement of spin- 
dependent transport through a lateral quantum dot with the 
conventional two leads.— 

Figure |TJd) shows a schematic of our device. The device 
was fabricated from a GaAs/AlGaAs heterostmcture wafer 
with sheet carrier density of 3.0 x 10 15 vnT 2 and mobility 
of 38 m 2 /Vs. We patterned a Hall bar mesa by wet-etching 
and deposited Ti/Au Schottky gates. The SLQD was formed 
and coupled to the Hall bar by applying negative voltages on 
gates C, S, and P. A QPC charge sensor to monitor the number 
of electrons in the SLQD, N, was formed by using gate D. 

We measured the tunneling of electrons into the SLQD by 
monitoring the synchronized current through the nearby QPC 
charge sensor / sync with square wave voltage excitation ap- 
plied on gate P. 20 - 21 Upon this excitation, the chemical poten- 
tial of the SLQD is periodically shifted up and down. If the 
chemical potential of the target is in the range of this shift, 
electrons shuttle between the target and the SLQD by tun- 
neling. Because the electron incident into the SLQD raises 
an electrostatic potential in the surrounding, this synchronous 
shuttling decreases / S ync, the value of which without shuttling 
is determined by direct electrostatic coupling between gate P 
and the QPC. We can thus detect the electron tunneling as the 
decrease of J sync . 

Figure |2 a) is the measured result of I sync as a function of 
the voltages on gate P, Vp, and C, Vc, at zero magnetic field. 
The amplitude of the square wave was set as 50 mV pp to make 



the shift of the energy smaller than the charging energy but 
larger than singlet-triplet energy separation. For clarity, we 
plot the numerical derivative dJ sync /dVc- The lower left area 
corresponds to the N = 1 region and the upper right is the 
N = 2 region. A dip structure bounded by black and white 
lines between the N = 1 and 2 region reflects the electron 
tunneling into the two-electron states of the SLQD. The dark 
lines in the dip structure correspond to the positions at which 
electrons start to tunnel into a specific state of the SLQD. We 
can observe two dark lines. The left one corresponds to tun- 
neling into the ground singlet state [Fig |2ja) up arrow] and 
the right one reflects tunneling into the excited triplet state 
[Fig EI a) down arrow]. The intensity of the singlet signal is 
significantly stronger. This result indicates that the tunneling 
into the singlet is not forbidden when the spin polarization is 
not formed in the target at zero magnetic field. 

Next, we applied the magnetic field of 1 .5 T to form spin- 
split edge channels and checked the change of the electron 
tunneling. The result of d/ sync /dVc is shown in Fig. |2jb). 
The dark line corresponding to tunneling into the singlet state 
is faint compared to the triplet line, indicating that the tunnel- 
ing into the singlet is suppressed. This implies that the spin 
polarization is sufficiently formed in the outermost edge chan- 
nel in the target and meets our detection scheme. Note that the 
singlet-triplet transition was not observed up to 2 T in this de- 
vice and our detection scheme was effective in this magnetic 
field range. The duration of the square wave was set around 
450 /is and this value is shorter than the expected spin relax- 
ation time (~ms)S in similar kinds of quantum dot systems, 
so we did not observe any effect which originates from spin 
relaxation. 

In order for this scheme to work, the initial spin, which 
stays in the SLQD before the injection of the second spin, 
should reflect the spin polarization of the target. This require- 
ment is satisfied in our experiment because the initial spin is 
refreshed by the target before its spin relaxation. In the ejec- 
tion phase, in which the level in the SLQD is shifted up by the 
square wave excitation, one of the two electrons goes out from 
the SLQD. In this process, the initial electron can be ejected 
with a finite probability, for example 50% in the case of the 
singlet. 23 Then the initial electron will most likely be ejected 
in a few cycles before the spin relaxation, and the remaining 
electron, which becomes the initial electron in the next injec- 
tion phase, reflects the spin polarization of the target. 

From the measurement of I sync , we can extract the infor- 
mation of the tunneling rate into the SLQD T, T is related to 
the change of J sync as 

AJ sync = A(l- r2r f +7r2 ), (1) 

where A and r are constants reflecting the sensitivity of the 
charge sensor and the duration of the square wave excitation 
respectively. 20 By using this relation, we can extract the tun- 
neling rate into the singlet, Tg, and triplet, Tt- Tg and Tr are 
represented by using the spin polarization of the target, P, as 

r s = B s (i + p)(i-p) (2) 

r T = S T (P 2 + 3), (3) 
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FIG. 3: (Color online) (a) P as a function of B measured by the local 
probe utilizing a single-lead quantum dot. Nonzero P is observed 
even at the magnetic field as low as 0.5 T. (b) Measurement of i? xx 
and ii xy as a function of B using conventional macroscopic voltage 
probes in the same device to (a). The labels show values of the filling 
factor v. Spin splitting is observed only in magnetic fields higher 
than 1.3 T. 



where Bg and Bt are constants reflecting the effective tunnel- 
ing barriers of the singlet and triplet states respectively. Here 
we assumed that the spin state of the first electron in the SLQD 
was proportional to P. By using these equations, we can ex- 
tract P from the measurement of I sync M- 

Figure[3ja) shows the extracted P as a function of the mag- 
netic field B. In this analysis, we minimized the effect of the 
change of T with B by adjusting Vc to keep Ts +Tt constant. 
Also we assumed that the value of P at zero magnetic field 
was 0. 25 The obtained P increases with B and finally reaches 
P ~ 1 at around 2 T. This reflects the formation of spin-split 
edge channels at the edge of the Hall bar. By considering 
the low i? xx at v = 7, almost perfect spin polarization will 
be formed in magnetic fields larger than 1 .7 T and our local 
probe shows P m 1 in this magnetic field range. This shows 
the validity of our detection scheme. 

Another important feature in this figure is the relatively 
high spin polarization observed at a magnetic field as low as 
0.5 T. In such a low magnetic field, we usually do not ex- 
pect formation of spin-split edge channels in standard trans- 
port measurement, but this is not the case for our local probe 
measurement. This result is also consistent with the previous 
experiment of the spin-dependent transport through a lateral 
quantum dot with the two-dimensional electron gas leads. 19 

Figure [3jb) shows the measurement of longitudinal resis- 
tance i?xx and transverse resistance R xy as a function of B 
with conventional macroscopic voltage probes in the same 



device. i? xx shows conventional Shubnikov-de Haas oscil- 
lations. In the magnetic field range larger than 1 .3 T, there ap- 
pear additional minimum in i? xx and plateaus in i? xy 3i This 
means that the spin-split edge channels are only visible for 
B > 1.3 T with the macroscopic probes, whereas the finite 
spin polarization is already visible for B > 0.5 T with our mi- 
croscopic probes. This difference makes clear the advantage 
of our SLQD detection to locally probe the spin polarization. 

A possible reason for this difference can be the local spin 
polarization. The measured objects of the microscopic and 
macroscopic probes are different. The microscopic probe us- 
ing the SLQD detects the local spin polarization formed at the 
device edge. On the other hand, the macroscopic probes using 
conventional voltage probes detect the separation of spin-split 
Landau levels, i.e. the spatial separation of spin-split edge 
channels. In very low magnetic fields, there is no spin polar- 
ization and edge states in the target and spin polarization is 
not observed with both probes. In the intermediate magnetic 
fields, separation of spin split edge channels will not be per- 
fect but there will be spatial distribution of spin polarization in 
the Hall bar. With the macroscopic probes, we cannot detect 
the spin polarization. With the microscopic local probes, we 
can detect the local spin polarization at the device edge. By 
considering the result in Fig. |3ja), the local spin polarization 
at the device edge will increase rapidly around 0.5 T and sat- 
urate to the maximum value. In high magnetic fields larger 
than 1.3 T, spatially separated spin-split edge channels come 
to be formed and the macroscopic probes start to show finite 
spin polarization. 

In conclusion, we have proposed a new scheme utilizing 
two-electron states in a single-lead quantum dot to probe lo- 
cal spin polarization formed in semiconductor microdevices 
in low and zero magnetic fields. We have confirmed the work 
of our detection scheme utilizing quantum Hall edge states as 
the target. We have extracted the information of spin polariza- 
tion and detected finite spin polarization at the magnetic field 
as low as 0.5 T, which could not be detected with conventional 
macroscopic voltage probes. This detection technique will be 
applicable to explore interesting spin phenomena in low mag- 
netic fields such as generation of spin polarization with spin- 
orbit interaction and spin polarization in the 0.7 anomaly of a 
quantum point contact. 
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Here we expected that the effect of spin selectivity of the edge 
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small and the spin selectivity will be negligible. 
For qualitative discussion, we assumed the tunneling rates in the 
injection phase I\n and the ejection phase r out are the same in 
this paper. But more precisely, Ti n and r ou t might be different. 
These values will be evaluated by using real-time measurement of 
the tunneling events.— 
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